Multi-color gold-nanoparticle-based tags (nanotags) are synthesized for combined surface-enhanced Raman spectroscopy (SERS) and x-ray computed tomography (CT). The nanotags are synthesized with quasi-spherical gold nanoparticles encoded with a reporter dye (color), each with a unique Raman spectrum. A library of nanotags with six different colors were synthesized for a range of gold nanoparticle sizes and an optimum size has been established to yield the largest SERS intensity and x-ray attenuation that is higher than the iodinated CT contrast agents used in clinics. Proof-of-principle in vivo imaging results with nanotags are presented that, for the first time, demonstrates the combined in vivo dual modality imaging capability of SERS and CT with a single nanoparticle probe.
Introduction
Development of nanoparticle-based contrast agents for diagnostic imaging applications is currently a very active area of research. Over the past decade, a wide variety of materials have been used to synthesize nanoparticle-based contrast agents/beacons for in vitro and in vivo imaging applications [1] [2] [3] . Although many different types (geometry and material) of nanoparticles have shown promising results for imaging in an in vitro setting, using them in vivo is limited by the constraints related to size, shape, surface chemistry and cytotoxicity. Given these constraints, only a small set of nanoparticles have the potential to be used for in vivo 5 Authors contributed equally. 6 Author to whom any correspondence should be addressed. diagnostic imaging applications. Metal nanoparticles have been exploited to enhance contrast of imaging modalities which include MRI [4] [5] [6] [7] [8] , CT [9] [10] [11] [12] [13] [14] [15] , photo-acoustic [16, 17] and optical [18] [19] [20] [21] [22] .
Furthermore, metal nanoparticles exhibit unique electromagnetic properties such as enhanced fluorescence and Raman scattering that can be exploited to improve sensitivity and enable multiplexed imaging [22] . Gold nanoparticles (AuNPs) in particular are well suited for in vivo imaging applications given their low toxicity [23] and reactive surface that is conducive for bioconjugation using thiol chemistry. AuNPs provide a robust platform for the development of contrast agents for diagnostic imaging applications.
A multimodality imaging platform can combine the complementary strengths of different imaging modalities to enable comprehensive diagnostic imaging for pathologies such as cancer [24] . Imaging modalities such as CT and MRI enable whole-body imaging with high resolution but lack the sensitivity that can be achieved by optical techniques which in turn have limited penetration depth and interrogation volume. Recognizing the weak endogenous contrast in tissue, a major research focus area in recent years has been the development of exogenous contrast agents to substantially improve molecular and morphological contrast for diagnostic imaging. Even ex vivo examination of tissue samples requires staining with multiple contrast agents to obtain a comprehensive morphological and molecular profile for accurate clinical diagnosis. A nanoparticle probe that can simultaneously enhance the contrast for CT and optical imaging in the nearinfrared (NIR) can potentially be very valuable for many diagnostic imaging applications. The NIR window of the optical spectrum is preferred for in vivo tissue imaging due to substantially lower auto-fluorescence of tissue and deeper penetration of NIR light. The dual modality approach for combined MRI and fluorescence imaging using an iron oxide nanoparticle platform has recently been demonstrated [25] [26] [27] .
Raman spectroscopy is a highly sensitive optical technique for chemical analysis since each chemical entity has a unique Raman spectrum. A major weakness of Raman spectroscopy is the poor efficiency of Raman scattering which has limited its use in biomedical applications. The efficiency of Raman scattering can dramatically increase (enhancement factor of 10 6 -10 14 ) when a molecule of interest is in close proximity to a nanosurface via a phenomenon known as surface-enhanced Raman scattering (SERS) [28] [29] [30] [31] [32] . With such a large enhancement of Raman scattering, the use of SERS for imaging applications is an attractive alternative to fluorescence.
Fluorescent tags have emerged as the dominant optical contrast agents for a wide variety of in vitro applications. In vivo applications of fluorescent dyes are limited by the auto-fluorescence of tissue. Recently developed near-infrared fluorescent dyes do reduce the auto-fluorescence but fluorescence tags still fundamentally suffer from photobleaching that makes quantification difficult and limited colors (two or three) that can be simultaneously detected due to spectral overlap. These limitations can be overcome by SERS to achieve the detection sensitivity that potentially exceeds that of fluorescence techniques and also achieve quantitative multiplexed detection of several biomolecules simultaneously.
Despite the unique advantages offered by SERS, lack of signal reproducibility and quantification have prevented its widespread use for in vitro or in vivo imaging applications until now. The lack of signal reproducibility can occur due to the variation in nanoparticle size and shape or aggregation. Metal nanoparticles tend to aggregate in commonly used buffers and serum. Although aggregation substantially enhances SERS, from an imaging or sensing application standpoint it is undesirable since aggregation cannot be controlled, the resultant SERS signal fluctuates and typically the aggregate size is too large to be used for any in vivo applications. Recently a promising design strategy to synthesize nanotags for SERS was developed [19, 20, 33] . The design involves encapsulating organic dyes as signature reporter dyes between AuNP and a layer of silica or polyethylene glycol (PEG) which prevents the AuNPs from aggregating. These nanotags, each with a unique Raman spectrum (color), can be utilized as beacons for imaging with target ligands attached to the PEG or silica surface with well-established bioconjugation chemistries.
CT is a widely used imaging modality for various clinical diagnostic applications. Hard tissues have higher x-ray attenuations than various soft tissues whereas the contrast between soft tissues is inherently poor, which limits the sensitivity with which diagnosis of pathologies such as cancer can be made. Currently, iodine-based compounds are used to enhance the contrast of CT which have the limitations of a short imaging window due to rapid clearance by kidneys and renal toxicity. Metals such as gold have a higher xray attenuation coefficient due to their high electron density and atomic number compared to conventionally used iodine compounds. Nanoparticle-based CT contrast agents have been reported for in vivo imaging, which include bare AuNPs [11] , polymer-coated AuNPs [12] , gadolinium-coated AuNPs [13] and polymer-coated Bi 2 S 3 [14] . Molecular CT imaging of cancer using targeted AuNPs in cell culture was recently demonstrated by Popovtzer et al [15] .
In this paper we report the first proof-of-principle demonstration of dual modality probes for combined CT and SERS imaging. The multi-color hybrid nanotags are quasi-spherical gold nanoparticles coated with Raman reporter dyes (color) encapsulated by a monolayer of poly(ethylene) glycol (PEG) molecules with carboxylate functional groups for further bioconjugation with a ligand. We describe nanotag synthesis, quantitative contrast characterization and present results of dual modality in vivo imaging.
Materials and methods

Synthesis of AuNPs
The size and shape of metal nanoparticles are critical factors that influence the SERS signal. The enhancement of a given molecular vibration peak in the SERS spectrum depends on the morphology of the metal nanoparticle. In this work, AuNPs of different sizes were employed as the cores to construct nanotags. The AuNPs were synthesized using published methods with modifications [34, 35] . In brief, to prepare citrate-coated AuNPs, an aqueous solution of 0.25 mM HAuCl 4 (50 ml) was first heated to boiling point with constant stirring, to which a certain volume of 1% (wt) sodium citrate (0.40-1.75 ml) was added. Within a minute, the solution turned from faint blue to red, indicating the formation of AuNPs. The boiling and stirring were continued for 30 min. The resulting solution was then cooled down to room temperature, which afforded AuNPs with a mean diameter ranging from 16.7 ± 1.7 to 65.6 ± 6.4 nm as determined by TEM. Particle size and size distribution can be reproducibly controlled by varying the volume of the sodium citrate solution added. To synthesize AuNPs of larger diameters (80-120 nm) a seed growth method was used [35] . In this method AuNPs of different sizes coated with 2-mercaptosuccinic acid (MSA) were synthesized by adding different amounts of the smallest citrate-coated AuNPs (16.7 ± 1.7 nm) to a solution containing MSA and HAuCl 4 at a fixed molar ratio under rigorous stirring. The color change of the reaction mixture (pink to purple) reflects the growth of AuNPs.
Morphological characterization of AuNPs
The synthesized AuNPs ranging from 20 to 120 nm are shown in figure 1. Morphological characterization of AuNPs was done with transmission electron microscopy (TEM) and dynamic light scattering (DLS) measurements. All synthesized particles are mono-dispersed and quasi-spherical in shape (figure 1). The average 'diameter' estimation of the quasispherical AuNPs from the TEM images (n = 300) is done by circumscribing a circle over an AuNP. The hydrodynamic size of the AuNPs estimated by DLS measurement is lower by 10-25% for different sizes compared to TEM measurement due to the fact that the nanoparticles are non-spherical.
Synthesis of multi-color nanotags
Coating of a Raman reporter dye on synthesized AuNPs is achieved using the method described by Qian et al [18] . A freshly prepared Raman reporter dye solution was added to a mono-dispersed quasi-spherical AuNP solution (1.1 × 10 10 particles ml −1 ) with the final concentration ranging from 5 to 15 µM. The ratio of the dye to AuNPs varies for different dyes. The optimum ratio was determined for each Raman reporter dye which yields maximum coverage of the dye on the surface of AuNPs without resulting in aggregation. The rate of addition and speed of mixing were also found to be critical in obtaining optimum coverage of the dye as reported by others [18] . Raman-reporterdye-coated AuNPs were PEGylated by a mixture of SHmPEG (10 µM, MW 5000) and SH-PEG-COOH (1 µM, MW 2000) solutions. Varying the ratio of the mixture does not affect the nanotag stability but does alter the charge. The PEGylation provides steric stabilization, improved biodistribution properties and carboxylate groups for further bioconjugation with biomolecules.
Nanotag stability
After the dye encoding and PEGylation, the resultant nanotags were again characterized by UV-vis absorption spectroscopy, TEM and DLS measurements to ascertain that they were mono-dispersed and adequately PEGylated while retaining their characteristic SERS spectra. A 3 nm redshift of the plasmon peak of AuNPs was observed as a result from the PEGylation ( figure 2(A) ). A PEG layer is evidently seen in the TEM images ( figure 2(B) ) encapsulating the AuNPs. There was minimal broadening of the attenuation curve as measured by the full width at half-maximum of the attenuation curve, which indicates that the nanotags were not aggregated. In addition, virtually no change in size or size distribution was observed on the DLS histograms. Stability of the nanotags was tested in various solvents (PBS, MES, goat serum) (supporting information figure S1 , available at stacks.iop.org/Nano/21/035101/mmedia). The nanotag solutions were monitored by UV-vis, DLS and SERS for a month with no signs of aggregation or spectral changes, which attests to the stability of the nanotags.
Raman spectrum measurement
Raman spectrum measurements of nanotags were made with a home-made Raman spectroscopy module operating in reflection mode. A 785 nm single line laser (Ocean Optics) fiber is coupled to the Raman module. SERS spectra are collected by a microscope objective and recorded by a high resolution spectrometer (Ocean Optics, QE65000). The nearinfrared excitation wavelength was chosen to minimize autofluorescence from tissue during in vivo imaging. The homemade Raman module is used for all the in vitro and in vivo measurements.
X-ray attenuation and CT imaging
X-ray attenuation of the nanotags was quantified by a Siemens Inveon PET-CT Multimodality System (Knoxville, TN). CT images were obtained at 80 kV and 500 mA with a focal spot of 58 µm on the Siemens Inveon PET-CT scanner. The total rotation of the gantry was 360
• with 360 rotation steps obtained at an exposure time of approximately 225 ms/frame. Under low magnification the effective pixel size is 103.03 µm. CT images were reconstructed with a down sample factor of 2 using Cobra reconstruction software. Reconstructed images were analyzed using the Siemens Inveon research workplace (IRW) software.
Results and discussion
SERS characterization
Using different reporter dyes, we have synthesized nanotags of six different colors, each with a unique Raman spectrum. The six different reporter dyes used to synthesize single-colored nanotags are: Cresyl Violet, Rhodamine 6G Tetrafluroborate, Crystal Violet, DTTC Iodide, Nile Blue and 2-Thiouracil. These first five are laser dyes that are positively charged which readily adsorb to the negatively charged AuNPs whereas 2-Thiouracil binds via the thiol chemistry. None of the dyes exhibit a measurable Raman spectrum in the absence of AuNPs, even at saturation concentrations.
The representative signature Raman spectrum of each color nanotag encoded with a specific Raman reporter dye is shown in figures 3(A)-(E). SERS spectra of 2-Thiouracilcoated nanotags is included in the supporting information (figure S4, available at stacks.iop.org/Nano/21/035101/mmedia). The Raman spectrum of nanotags was recorded while suspended in deionized water. Each color nanotag has a unique spectrum distinguished by the location and magnitude of the various peaks. The locations of some peaks do coincide for different nanotags due to a common vibrational mode of specific chemical bonds but there are a number of others peaks which are unique to each reporter dye. Nanotags of different colors show excellent reproducibility of their respective Raman spectra in terms of the location of the peaks and their relative magnitudes. The absolute magnitudes of the Raman spectrum peaks do vary (10-15%) for different batches of synthesized nanotags but consistently a large Raman enhancement is achieved. The variation in the magnitude of the Raman spectrum is attributed to variation in the amount of dye attached to AuNPs and variation in the size of AuNPs. Shown in figure 3(F) is the SERS signal measured from a mixture of four nanotags. Peaks attributable to a specific reporter dye are clearly identifiable in a mixture of nanotags. Raman transition peaks of specific dyes are tabulated in table 1 (supporting information, available at stacks.iop.org/Nano/21/035101/mmedia).
It is noteworthy that the magnitude of Raman peaks shows a linear dependence on the concentration of the nanotags. This is critically important for quantitative SERS imaging. The measurement dynamic range of nanotag detection is greater than 30 dB, which represents a concentration range from 10 pM to 10 nM. Nanotags were synthesized from AuNPs of various sizes (20-120 nm) and their Raman spectra were recorded. The largest Raman enhancement was obtained for nanotags synthesized with AuNPs with a diameter of 65.6 ± 6.4 nm. Compared to nanotags synthesized with commercially available spherical AuNPs of similar size, the ones prepared with our quasi-spherical AuNPs yield 2-3 times (depending on the peak compared) higher SERS intensity as reflected in the Raman spectrum (supporting information figure S3 , available at stacks.iop.org/Nano/21/035101/mmedia). Since DTTC nanotags fluoresce at the excitation wavelength, they provide a good opportunity to compare fluorescence and SERS. The fluorescence intensity of DTTC is also enhanced due to the AuNPs (surface-enhanced fluorescence) and the SERS signal is further enhanced due to the resonant effect since the absorption peak (795 nm) of DTTC is close to the laser excitation wavelength. Shown in figure 4 is the combined fluorescence and SERS DTTC spectra. Magnitudes of both spectra are comparable, which indicates the large Raman enhancement. For comparison, the scaled fluorescence spectrum of neat DTTC is also shown. The SERS intensity remains stable as a function of time upon excitation whereas the fluorescence signal decays with increasing exposure time. The stability of SERS signal is a critical advantage over fluorescence measurements for quantitative analysis. 
CT contrast
Nanotags of two sizes (65.6±6.4 nm and 43.9±3.8 nm) which show the largest SERS intensity from the range of various sizes were chosen for x-ray attenuation characterization. Vials containing serially diluted nanotags were placed in the CT Figure 5 . Measured x-ray attenuation of AuNPs (40 and 60 nm) and Iohexol as a function of their concentration. The offset in the plots is due to the x-ray attenuation in the plastic vials used to hold the solution for the measurements.
scanner. The measured x-ray attenuation values of nanotags show a linear dependence on the nanotag concentration ( figure 5 ). The offset in the plots is due to the background x-ray attenuation of the plastic vials used to hold the samples. Next, the x-ray attenuation of the nanotags is compared to Iohexol (Omnipaque™, GE Healthcare), an iodine-based clinical CT contrast agent. As shown in figure 5 , both nanotags' (65.6 ± 6.4 nm and 43.9 ± 3.8 nm) size range must be present for CT contrast and, afford higher CT contrast than Iohexol at the same concentrations (molar equivalent of gold versus iodine). These values are slightly higher than the ones reported by Xu et al for AuNPs of comparable sizes [36] .
In vivo CT contrast of nanotags
All in vivo animal imaging studies were performed in compliance with guidelines set by the University of Texas Southwestern Institutional Animal Care and Use Committee. To demonstrate in vivo CT contrast of the nanotags, three Balb/c mice were fasted overnight and scanned under 2% isoflurane anesthesia for the duration of the imaging before receiving 100 µl of 12.5 mg ml −1 of the 65.6±6.4 nm nanotags via the tail vein. At 24 h post-injection, the mice were sedated and scanned again. Each CT scan time was approximately 6 min. As shown in figure 6 , the spleen became clearly visible with the AuNP-based nanotags as contrast agent. The image quantification revealed that the CT attenuation value was 432 HU in the spleen at 24 h post-injection, while it was around 100 HU in other soft tissues. The presence of nanotags in the spleen was further confirmed by TEM images of the spleen tissue slices. In addition, the TEM images showed that the nanotags were internalized in the spleen cells and preferentially accumulated in the endosomes ( figure 7 ). This observation is consistent with recently published work [37] and demonstrates the in vivo stability of the AuNP-based nanotags.
Combined in vivo SERS and CT imaging
To demonstrate the dual contrast of SERS and CT of our nanotags in vivo, three nude mice were injected with 100 µl of the 65 nm nanotags at a concentration of 12.5 mg ml −1 subcutaneously after sedation under 2% isoflurane anesthesia. SERS and CT scans were recorded pre-and post-injection. The SERS images were recorded followed by CT scanning. For SERS imaging, the sedated mouse was placed on a platform and its body temperature was maintained by a watercirculation heating pad. The SERS spectra were acquired with a 10× (0.25 N.A.) microscope objective with an integration time of 8 s and incident power of 10 mW. Recorded SERS spectra before and after injection of nanotags are shown in figures 8(A) and (B), respectively. Representative wholebody CT images of the mice before and after the nanotag injection are shown in figures 8(C) and (D), respectively. The in vivo pre-injection Raman spectrum is magnified (6×) to clearly visualize the Raman peaks of the tissue. The in vivo Raman spectra of the nanotags remains intact with little change or distortion in the peaks and their linewidth. Except for overlapping peaks at 300 and 400 cm −1 , the rest can be readily attributed to the reporter dye. Raman spectra of the injected nanotags were also recorded as a function of nanotag concentration. Serially diluted solutions of nanotags were injected subcutaneously at various locations. Due to the rapid diffusion of the nanotags in tissue it is difficult to establish the functional dependence of Raman signal magnitude on the nanotag concentration but nonetheless a strong Raman spectrum was successfully recorded at the lowest concentration of 25 µg ml −1 .
Conclusions
We have developed gold-nanoparticle-based nanotags for combined SERS and CT imaging. Dual imaging probes of six different colors were synthesized and characterized, each with a distinct Raman spectrum. The optimal size (65.6 ± 6.4 nm) of quasi-spherical AuNPs has been established to synthesize nanotags that yield the largest enhancement of SERS signals. Nanotags with an AuNP core 40-60 nm in diameter are suitable for in vivo dual modality imaging as demonstrated by their large SERS intensity and high CT contrast. Understandably, the magnitude of contrast is not solely dictated by the SERS signal or x-ray attenuation but also by the in vivo distribution profile of the nanotags. Smaller nanoparticles usually exhibit better biodistribution properties but ultimately it is the product of the signal magnitude per nanotag and the concentration of the nanotags accumulated at the site of interest that dictates the final imaging contrast. By conjugating targeting molecules specific to a biomarker with the nanotags, desired in vivo kinetics and distribution could be achieved to realize targeted dual modality imaging enabled by a single nanoplatform. In perspective, an array of different biomarker targeted nanotags with corresponding colors would provide a non-invasive technique for molecular profiling of diseases such as cancer. In a clinical setting, such nanotags can be potentially used for dual modality imaging of cancer, in which the tumor is first localized by whole-body CT imaging and then assessed by SERS at the molecular level to obtain the profile of multiple cancerspecific biomarkers for patient-specific diagnosis, staging and treatment.
